The paper reports on time-resolved interferometric measurements of unsteady flow fields around a fluttering NACA0015 airfoil. A mechanical model with two degrees of freedom (pitch and plunge) has been designed and tested in a high-speed subsonic wind tunnel. Aeroelastic instability of the classical flutter and dynamic stall type has been observed in the Mach number range M = 0.2 -0.5. The interferograms were recorded using a Mach-Zehnder interferometer and a high-speed camera. An in-house software IFGPro was developed for the postprocessing and evaluation of the interferogram sequences, yielding pressure distribution, lift and drag force on the airfoil.
Introduction
The aircraft lifting surfaces (wings, flaps and ailerions, stabilators, elevons and rudders), helicopter blades, propellers, turbine or compressor blades are slender structures subjected to unsteady aerodynamic forces and moments. As such, they are potentially susceptible to aeroelastic instability such as coupled-mode flutter, stall flutter or dynamic stall. A comprehensive review on flutter and dynamic stall is given in [1] , a practical guide for technical designers can be found in [2] . Fluid-structure interaction can lead to catastrophic consequences, and thus the aircraft components must be carefully designed and tested in order to ensure that the aeroelastic instability never occurs within the operating conditions.
In wind tunnel testing of airfoils, the standard experimental methods for investigation of the flow field are the Particle Image Velocimetry (PIV) and pressure tap measurements. The current paper focuses on a less common method, based on interferometric measurement of the airflow density variations in a highly unsteady airflow past a self-oscillating NACA0015 airfoil.
Experimental setup
The physical model is an original design of an airfoil with two degrees of freedom -pitch and plunge, installed in a test section of a suction-type wind tunnel in Nový Knín [3, 4, 5] . The NACA0015 airfoil is supported by vertical quides, freely moving in the vertical direction and rotating around the elastic axis in 1/3 of the chord length (see Fig. 1 ). The test section has a cross-section of 80 × 210 mm, with the free opening of the wind tunnel 310 mm upstream of the airfoil leading edge.
The test section of the wind tunnel and its special lateral optical glasses are designed for measurements of the flow field using the Mach-Zehnder interferometer and for Schlieren visualizations. The former method, used within current study, is sensitive to the air density which has local variations due to compressibility effects, the latter to the density gradient [6] .
In interferometric measurements, the collimated beam from the light source enters into the interferometer (see Fig. 2 ). The coherent power light is divided into two branches on the first semipermeable mirror in the interferometer. The measuring branch passes through the test section and the comparative branch passes through a compensator. The interferometric image of the flow field in the test section with the airfoil appears on the second semi-permeable mirror. Slight refraction TOPICAL PROBLEMS OF FLUID MECHANICS 223 _______________________________________________________________________ DOI: http://dx.doi.org/10.14311/TPFM.2016.030 effects in the test section influence the phase differences between the two beams, thus forming an interference pattern. The resulting interferograms are recorded by a NanoSense Mk III high speed camera (resolution 1280 × 1024 pixels at 1000 frames per second), triggered and synchronized from the Dewetron measuring hardware. In addition to the optical setup, the model is equiped with four pressure taps mounted flush with the airfoil surface, sensors of the plunge deflection and pitchin angle. More details can be found in [5] .
Postprocessing of the interferograms
The interferometric image consists of dark and bright interferometric fringes. The optical methods for the measurement of density in gas flows rely on the fact that the index of refraction n of a gas is a linear function of the density ρ. The relation is given by the empirical Gladston-Dale equation
where K = 0.0002297 m 3 kg −1 is the Gladston-Dale constant, which is specific for a given gas and only weakly dependent on the wavelength of the light.
From the differences in times for a light beam to pass through fluid in fringes number (i) and (0), and from the wavelength of monochromatic light we may obtain relation for the difference in the index of refraction between the fringes
with λ = 435.8 nm the wave length of the monochromatic light and L = 80 mm the test section width. The relation for the difference in density between fringe number (i) and number (0) is then
The fringe number (0) corresponds to the inlet free-stream Mach number M (0) , measured by a Pitot probe. The density in the zero th fringe is
where κ = 1.4 is the heat capacity ratio for an ideal diatomic gas, ρ 0 = p 0 /(R T 0 ) the ambient air density, p 0 ambient air pressure (i.e., for the case of a suction-type wind tunnel also the total pressure), T 0 the ambient air temperature and R = 287.1 J kg −1 K −1 the specific gas constant for dry air.
For the case of isentropic compressible flow of ideal gas, the pressure p
and velocity U (i) at a fringe number (i) can be calculated from the total pressure p 0 , density ρ 0 and density at the 0 th fringe ρ (0) as
where
is the absolute local static temperature. From equation (5) it can be seen that under the assumption of isentropic airflow the interferometric fringes correspond to isosurfaces of pressure. One of the most important quantities which can be calculated is the aerodynamic drag and lift force and aerodynamic moment
where w = 80 mm is the airfoil width, p is the interpolated pressure evaluated from the interferometric fringes, s the curvilinear surface coordinate ranging from 0 on the leading edge to s max = 1 on the trailing edge, ⃗ n(s) the unit outer normal vector to the airfoil surface, ⃗ d(s) the vector connecting the airfoil surface at coordinate s with the elastic axis, and l s the length of the airfoil surface from the leading to the trailing edge. The aerodynamic forces and moments are calculated separately on the upper and lower airfoil surface, and summed to get the total drag, lift and moment. Note that by using (9) only the pressure component of the drag and lift force is evaluated. However, it has been shown by numerical simulations that the viscous drag and lift is about three orders of magnitude lower [7] , and thus it can be neglected. Unlike the PIV method, no automatic commercial software is available for the postprocessing and evaluation of the interferograms. A new in-house software IFGPro was developed at the Technical university of Liberec in the C# language. The software is semi-automatic: it allows entering all the values (position of the airfoil within the frame, location of the interferometric fringes) manually by the user, but concurrently, algorithms for automatic tracking of the important features are being developed. Taking into account the huge amount of frames to be processed, the speed of the algorithms and also the comfort and user-friendliness of the graphical user interface (GUI) are of high importance. The image processing backend relies on a highly efficient Emgu CV library, a cross-platform .Net wrapper to the OpenCV image processing library. Fig. 3 shows a sample interferogram postprocessed and evaluated in IFGPro. The green lines have been located manually and denote the intersection of the interferometric fringe with the airfoil surface. The data in the right panel (the value of the pressure, flow velocity and density at the fringe) are calculated automatically once the user assigns the fringe numbers. Using equation (9), the software calculates the drag, lift and aerodynamic moment for the current frame.
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Results
The following section shows results processed from measurement No. 2510-06: inlet flow Mach number M (0) = 0.43, airfoil NACA0015 with a chord length of 65 mm, frequency of oscillation of the airfoil f = 19.6 Hz, ambient atmospheric pressure and temperature p 0 = 98.925 kPa, t 0 = 17.8 o C. The shutter speed was 1/1000 s, the exposure time 1 ms. Twenty frames covering about 3/4 of an oscillation period were evaluated using the IFGPro software. Fig. 4 shows the static pressure over the upper and lower airfoil surface at frame #18 (pitch angle α = −8.1 o as in Fig. 3) .
The stagnation point with the highest static pressure is located on the upper surface close to the leading edge (fringe position 1, number -2.5). On the lower, suction surface of the airfoil the pressure decreases to the minimum value of 78 kPa. The temporal development of the drag and lift force is shown in Fig. 5 . Both the drag and lift force culminate near t = 0.025 s, where the airfoil has the lowest incidence angle of α = −18.8 o .
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Optical interferometry is a method which can be well used for experimental investigation of the flow field, especially in the case of the high Mach-number flows. The laboratory of the Institute of Thermomechanics in Nový Knín has vast experience with measurements using the Mach-Zehnder type interferometer, which has been employed for time-resolved unsteady velocity field measurements around a model of a NACA0015 airfoil, oscillating due to fluid-structure interaction.
The interferograms were recorded using a high-speed camera. An in-house software IFGPro was developed for the postprocessing and evaluation of the interferograms. A sample measurement was evaluated, yielding the pressure distribution over the airfoil surface, drag and lift force estimation. The results fall within the expected values, but need to be systematically verified against the pressure sensor data in future.
Compared to the PIV method, optical interferometry does not need any seeding particles. It can be well used in high subsonic, transonic and supersonic flows, where it might become difficult to satisfy the no-slip requirement on the tracer particles when employing PIV. On the contrary, for low Mach number flows the spatial resolution of the reference-beam interferometry decreases rapidly. Unlike the PIV method, where the primary signal is the velocity vector map in a plane, interferometric methods measure the density, integrated along the path of the beam in the test section. For steady flows, 3D fields can be obtained using tomographic techniques.
However, the method has also specific drawbacks. First, it does not provide information on the direction of the flow, and even the pressure field can be evaluated only under the assumption of isentropic flow (which is not valid, e.g., once the flow separates from the airfoil). Second, a skilled operator with the knowledge of the flow physics is needed when using (3) to determine the regions of accelerating flow (increasing fringe number) and deccelerating flow (decreasing fringe number). This limits the possibility of fully automatic computer evaluation of the interferometric images.
